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CLINICAL INVESTIGATION
Ischemia-induced changes in cell element composition and
osmolyte contents of outer medulla
FiNz-X. BECK, AKIIiIRO Ow'ro, ADOLF DORGE, and Kus THURAU
Department of Physiology, University of Munich, Munich, Germany
Ischemia-induced changes in cell element composition and osmolyte
contents of outer medulla. The effect of 60 minutes of ischemia and
subsequent reflow on cell electrolyte and water homeostasis in the rat
renal outer medulla was studied by determining sodium, potassium,
chloride and phosphorus concentrations and dry weights in individual
tubule cells using electron microprobe analysis. HPLC was employed to
measure glycerophosphomyicholine, betaine, inositol and sorbitol, as well
as several free amino acids in cortical and outer medullary tissue. Ischemia
caused cell sodium and chloride concentrations to rise and cell potassium
and phosphorus concentrations and cell dry weights to fall. These changes
were most pronounced in the proximal straight tubule (PST) cells, less in
thick ascending limb (MAL) and outer medullary collecting duct (OMCD)
dark cells and barely noticeable in OMCD light cells. Except for some PST
cells these changes were almost completely reversed 60 minutes after
reintroducing blood flow. After 24 hours of reperfusion the number of
PST cells exhibiting deranged electrolyte homeostasis was greatly in-
creased. The contents of glycerophosphoryicholine, betaine or inositol in
the cortex and outer medulla were not affected immediately following
ischemia. After 24 hours of reperfusion, the cortical contents of osmolytes
were still normal, while outer medullamy contents were reduced. Except for
low glycine contents, the ischemia-induced changes in amino acid contents
were reversed after 24 hours of reflow in the cortex, whereas in the outer
medulla aspartate, glycine and taurine contents were diminished. These
results indicate increasing manifestation of PST cell injury in the reflow
period. The defective re-accumulation of organic osmolytes and free
amino acids in the outer medulla during reflow may reflect reduced
interstitial tonicities, or may be due to inappropriate cellular uptake,
synthesis or/and release. In view of the known protective properties of
glycine, the postischemic depletion of cortical and outer medullary glycine
contents possibly contributes to the establishment of postischemic acute
renal failure.
Injury to outer medullary tubule segments is a prominent
feature in postischemic acute renal failure [1—3]. The damage of
outer medullary tubule cells has been ascribed to disturbance of
intracellular water and electrolyte homeostasis leading to cell
swelling and impairment of blood flow in outer medullary vessels
and thence to exacerbation of the initial ischemic injury [4—6]. In
addition, changes in intracellular electrolyte concentrations have
been shown to affect the properties of transport and regulatory
proteins [7, 8], influence DNA synthesis and induce nuclear DNA
fragmentation [9, 10]. Ischemia-induced alterations in cell volume
and cell electrolyte composition may thus contribute decisively to
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the initiation and maintenance of postischemic acute renal failure
[1]. Electron microprobe analysis was used to further examine the
effect of renal ischemia and subsequent reperfusion on cell
electrolyte composition of specific tubule cells in the outer and
inner stripe of the outer medulla.
In addition to inorganic electrolytes organic osmolytes also
contribute substantially to the intracellular osmolality—and thus
to cell volume—of renal medullary cells [11, 12]. For this reason
we also studied the effect of ischemia and subsequent reflow on a
variety of organic osmolytes including glycerophosphorylcholine,
betaine, myo-inositol, sorbitol and several free amino acids in the
outer medulla. Since several studies have demonstrated that
glycine and alanine protect against hypoxia-induced cell injury
[13—17], special attention was focused on the effect of ischemia
and subsequent reflow on the content of these amino acids in
outer medullary tissue.
Methods
Preparation of animals and experimental protocol
Experiments were performed on male Wistar rats (SAVO,
Kisslegg, Germany) allowed a standard rat diet (Alma, Kempten,
Germany) and tap water ad libitum until the day of study.
The animals were anesthetized by i.p. injection of mactin (100
to 120 mg/kg body wt; Byk-Gulden, Konstanz, Germany) and
placed on a thermoregulated operating table to maintain body
temperature at a constant value (37°C). The trachea was cannu-
lated and polyethylene catheters were inserted into the right
jugular vein for administering isotonic saline containing inulin
(polyfructosan, 3 g/100 ml; mutest, Laevosan, Linz, Austria; rate:
1 ml/min/100 g body wt) and into the left femoral artery for
continuous monitoring of blood pressure and withdrawal of blood
samples. The left kidney was exposed via a flank incision, freed of
adherent fat and connective tissue, laid in a plexiglas cup and
superfused with warm paraffin oil (38°C). The ureter was cathe-
terized to allow timed collection of urine and, hence, determina-
tion of flow rate, inulin, electrolytes and osmolality. Blood sam-
ples were obtained at the mid- and endpoints of the 20-minute
collection periods for determination of plasma electrolyte and
inulin concentrations, respectively. Four groups of animals were
studied.
Group 1: Controls (N = 6). These animals received polyfruc-
tosan in isotonic saline as above.
Group 2: 60 minutes of ischemia (N = 7). The left renal artery
was occluded for 60 minutes by a weak-sprung clip.
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Group 3: 60 minutes of ischemia followed by 60 minutes of reflow
(N = 6). After interrupting renal blood flow for 60 minutes the
clip was removed and reperfusion allowed for 60 minutes.
Group 4:60 minutes of ischemia followed by 24 hours of reflow (N
= 6). On the day prior to the experiment the left renal artery was
clipped for 60 minutes under Nembutal anesthesia (60 mg/kg body
wt i.p.; Sanofi, Munich, Germany). After removal of the clip the
flank incision was sutured and the animals were allowed to
recover. Some 24 hours later the left kidney was prepared under
mactin anesthesia as described above.
At the end of each experiment the left kidney was excised and
bisected to expose the outer medulla. A half-kidney was then
shock-frozen in an isopentane/propane mixture (1:3 vol/vol;
— 196°C). In general, less than 3 seconds elapsed between cutting
the pedicle and shock-freezing the kidney.
Preparation of freeze-dried clyosections and electron
microprobe analysis
A small piece of tissue containing the cut surface of the outer
medulla was broken under liquid nitrogen from the shock-frozen
half-kidney and fixed in a clamp-type specimen holder. Cryosec-
tions were obtained in an ultracryomicrotome (Ultrotome V,
LKB, Bromma, Sweden) at —80°C. The advance of the cryotome
was set to deliver 1 jsm thick sections. Cryosections were obtained
either from the outer or inner stripe of the outer medulla,
freeze-dried overnight at —80°C and 10_6 mbar and then, after
warming them to about 40°C, rapidly transferred to a scanning
transmission electron microscope (S150, Cambridge Instruments,
Cambridge, UK). Microprobe analysis of the freeze-dried cryo-
sections was carried out using an energy-dispersive X-ray detector
system (Link Systems, High Wycombe, UK) attached to the
scanning electron microscope. The acceleration voltage was 20 kV
and the probe current 0.3 nA. Small areas (1 to 2 m2) were
scanned for 100 seconds and the emitted X-rays analyzed in the
energy range between 0.2 and 20 keV. The cellular measurements
were restricted to the nuclei, since previous investigations have
shown that X-ray spectra obtained in the nuclei reflect true
intracellular electrolyte concentrations and are free from "con-
tamination" by extracellular compartments [18, 19]. Analyses in
the plasma of outer medullary vessels were carried out only in
those areas exhibiting a homogeneous matrix without disruption
or compression. The mean SD of repeated random measurements
in the plasma of six vessels was 9.3% for the sodium and 9.2% for
the chloride intensities.
Element concentrations in mmol/kg wet wt were obtained by
comparing the net intensities of the element-characteristic radia-
tion of spectra, collected in the tissue with the appropriate net
intensities of standard spectra, measured in freeze-dried cryosec-
tions obtained from shock-frozen droplets of a standard albumin
solution. Details of the quantification procedure have been de-
scribed previously [20].
Analysis of methylamines, polyols and amino acids
by HPLC
Frozen samples of the outer cortex and the outer medulla were
thawed and homogenized in 400 1.d ice-cold HC1O4 (6%) after
prior determination of wet wt. The homogenates were centrifuged
for five minutes at 10,000 X g and the pellet separated from the
supernatant. The pellet was resuspended in 1 K! NaOH and the
protein determined using a protein assay kit (Bio-Rad, Munich,
Germany). The protein-free supernatants were neutralized with
ice-cold 5 M KOH, stored overnight at —80°C and centrifuged the
next day (5 mm at 10,000 x g). The supernatants were passed first
through a Sep-Pak C18 cartridge (Waters, Milford, MA, USA)
and then through a 0.22 m filter (Waters). Methylamines and
polyols in these samples were determined by a modified HPLC
method described by Wolff and associates [21]. A 50 pi aliquot of
each sample or standard (prepared in the same manner as
described above) was injected into the HPLC column (Sugar-Pak
I column, Waters). Column perfusion was isocratic (0.5 mI/mm,
74°C) with purified water containing 50 mg/liter Ca-EDTA
(Merck, Darmstadt, Germany) as the mobile phase. Peaks were
detected by JR-refractometry (Shodex RI SE-61; Showa Denko,
Düsseldorf, Germany).
Amino acids were measured chromatographically by means of
pie-column derivatization with orthophthalaldehyde as a fluoresc-
ing amino ligand [22]. A 20 d aliquot of each sample or standard
was mixed with 20 jsl orthophthalaldehyde (fluoraldehyde, Pierce,
Rockford, IL, USA). The reaction was stopped after 90 seconds
and the pH adjusted to 6.8 by the addition of 60 d 0.1667 M acetic
acid. A 10 jil aliquot of this mixture was injected into the HPLC
column (125 X 4 mm Hypersil ODS 5, Gynkotek, Germering,
Germany). The gradient conditions of the mobile phase were as
follows: Solvent A, 6.8 g sodium acetate (trihydrate) and 3.1 g
boric acid (Merck) were dissolved in 900 ml of purified water and
100 ml methanol (Merck), yielding a pH of 6.8; solvent B:
methanol; gradients: 0 to 2 minutes, 100% A; 2 to 3 minutes, 89%
A; 3 to 18 minutes, 83% A; 18 to 24 minutes, 72% A; 24 to 33
minutes, 0% A (100% B); 33 to 44 minutes, 100% A. The flow
rate was 1 mI/mm. The amino acid derivatives were detected at
340 nm (excitation wavelength) and 455 nm (emission wave-
length). Further details on the analysis of organic osmolytes by
HPLC may be found elsewhere [23].
Analysis of electrolytes, osmolality and inulin in fluid samples
Sodium and potassium concentrations in plasma, urine and
albumin standard solutions were measured by flame photometry
(IL, Lexington, MA, USA), osmolalities by vapor pressure os-
mometry (model 5100 B, Wescor, Logan, UT, USA). Inulin in
plasma and urine were measured by the anthrone method [24].
Clearance data for sodium and potassium were calculated using
standard formulae.
Presentation of data and statistical analysis
Intra- and extracellular element concentrations are given in
mmollkg wet wt, the tissue contents of organic osmolytes in
mmollkg protein or mmol/kg wet wt. The data are presented as
means SEM. The mean intracellular concentration of a specific
element obtained in a specific cell type in either the outer or inner
stripe was taken as a single data point for further statistical
evaluation. Differences between means were tested for signifi-
cance by one-way analysis of variance (ANOVA) followed by the
multiple comparison test of Student-Newman-Keuls. These com-
putations were performed using commercial software (SPSS/PC
software; SPSS, Chicago, IL, USA). The criterion for statistical
significance was P < 0.05.
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Table 1. Plasma values and parameters of renal function in control
rats, in animals subjected to 60 minutes of renal ischemia without or
with subsequent reflow for 1 or 24 hours
Control Ischemia
Ischemia reflow
1 hour 24 hours
Plasma potassium 3.9 0.2 3.9 0.1 4.4 0.2 4.1 0.1
concentration
mmol/liter
Plasma sodium 141 1 143 1 143 1 147 ia
concentration
mmol/liter
Hematocrit % 47.9 1.4 45.9 0.6 47.3 1.1 43.6 0.7"
Urine flow rate 2.23 0.74 4.07 1.55
pilmin/100 g
body wt
Glomerular 455 27 12 3
filtration rate
pJ/min/100 g
body wt
Urine potassium 261 60 9 2a
concentration
mmollliter
Potassium 0.47 0.09 0.04 0.02
excretion mol/
min/100 g body
wt
Fractional 28.1 5.1 68.0 5.6a
potassium
excretion %
Urine sodium 42 10 156 iP
concentration
mmol/liter
Sodium excretion 0.11 0.04 0.68 0.23a
pino!Imin/100 g
body wt
Fractional sodium 0.18 0.07 37.4 2.6a
excretion %
Urine osmolality 1934 305 366 isa
mOsm/kg
Numberof 6 7 6 6
animals
Data are means SEM.
Significantly different from corresponding value of control animals
bSignificantly different from corresponding value of rats subjected to 60
mm ischemia and 60 mm reflow
Results
The effects of 60 minutes of ischemia and subsequent reflow on
a number of plasma and kidney parameters are summarized in
Table 1. Compared with controls, plasma potassium concentra-
tion was slightly but significantly increased after one hour of
reflow, and plasma sodium concentration after 24 hours. In
contrast to animals subjected to ischemia only or to ischemia and
one hour of reflow, those allowed 24 hours of reperfusion after
ischemia showed a significant decline in hematocrit. Postischemic
acute renal failure was documented by a dramatically reduced
glomerular filtration rate after 60 minutes of reflow to 3% of the
pre-insult control value. Ischemia-induced damage of renal tubule
cells at that time was also suggested by lower urine potassium and
higher urine sodium concentrations, by reduced urine osmolality
and by decreased potassium and increased sodium excretion. In
view of the striking fall in glomerular filtration rate, fractional
potassium and sodium excretions were significantly increased.
Following 24 hours of reflow, renal function was even further
impaired. Out of six animals only two exhibited measurable urine
output (0.28 and 0.10 j.d/minhl00 g body wt). Left kidney glomer-
ular filtration rates in these rats were estimated to be 14 and 7
dImin/100 g body wt. A comparable decline in renal function has
been noted by Mason et a! in a similar model of postischemic
acute renal failure [25].
Intra- and extracellular element concentrations
Outer stripe of outer medulla. Table 2 shows the effect of
ischemia and subsequent reflow on element concentrations in
different tubule cell types and in the extracellular compartment
(plasma) of the outer stripe. Following 60 minutes of ischemia
sodium concentration in all tubule cells analyzed was significantly
higher than under control conditions. This rise in cell sodium was
most pronounced in proximal straight tubule (PST) cells (by 62
mmollkg wet wt), intermediate in Outer medullary collecting duct
(OMCD) dark cells (by 40) and MAL cells (by 25), and least in
OMCD light cells (by 11 mmol/kg wet wt). The rise in cell sodium
concentration was associated with a fall in cell potassium concen-
tration which, in the case of OMCD light cells, did not reach
statistical significance. Cell chloride concentration was increased
during the ischemic period in PST cells, MAL cells and OMCD
light cells. In all tubule cell types ischemia induced substantial
reductions in phosphorus concentrations and also in dry weight.
Except for OMCD dark cells nuclear concentrations of total
calcium were not different from 0 under control conditions.
Similar values have been obtained in a previous investigation [26].
After 60 minutes of ischemia, however, calcium concentrations
significantly different from 0 were obtained in PST cells (0.4 0.1
mmol/kg wet wt). In the plasma of small outer stripe vessels
sodium and chloride concentrations decreased, but potassium and
phosphorus concentrations increased during ischemia. After 60
minutes of reperfusion, element concentrations and dry weights
were completely restored in MAL cells and in OMCD light and
dark cells. The majority of PST cells also showed full recovery of
element concentrations and dry weight. In a minority of PST cells
(5 to 15%), however, sodium and chloride concentrations re-
mained high and potassium and phosphorus concentrations and
dry weight low (Fig. 1). Results obtained in this subpopulation of
PST cells are not included in Table 2 data. In kidneys which were
allowed a 24-hour reperfusion period, element concentrations of
outer stripe tubule cells tended to decline. Sodium and chloride
concentration of PST cells with undisturbed intracellular element
composition, however, did not show this tendency. These cells
exhibited nuclear contentrations of total calcium which were
signifcantly different from 0 (0.4 0.1 mmol/kg wet wt). Com-
pared with kidneys allowed a 60-minute reflow period, the num-
ber of PST cells with deranged cell element concentrations was
greatly increased (30 to 65%). Potassium concentration in this
subpopulation of PST cells was further reduced and calcium
concentrations rose to 18.6 3.8 mmollkg wet wt (Fig. 1). Values
determined in these PST cells also are not included in Table 2.
During the reperfusion period plasma sodium and chloride con-
centrations increased and plasma potassium and phosphorus
concentrations decreased in outer stripe vessels. Sodium and
chloride concentrations, however, did not attain the correspond-
ing control values. Plasma calcium concentrations were not af-
fected by either ischemia or subsequent reperfusion.
Inner stripe of outer medulla. Element concentrations and dry
weights determined in tubule cells and plasma in the inner stripe
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of the four groups of rats are shown in Table 3. Similar to the data
obtained in outer stripe tubule cells, the changes in sodium and
potassium concentrations were substantial in MAL and OMCD
dark cells but minor in OMCD light cells. The alterations in
chloride and phosphorus concentrations were largest in MAL
cells. Upon reperfusion cell sodium and chloride concentrations
decreased and cell potassium and phosphorus concentrations
increased. In all tubule cell types of the inner stripe, chloride
concentrations fell to significantly lower values than those of
control animals. Potassium concentrations in MAL and OMCD
dark cells as well as phosphorus concentrations in MAL cells did
not attain control values after 24 hours of reperfusion. Nuclear
concentrations of total calcium were mostly not significantly
different from 0 in the various cell types in the inner stripe of
20 either control or experimental kidneys. Only in thick ascending
limb and OMCD dark cells were calcium concentrations obtained
10 which significantly differed from 0 after the 60 minute and 24 hour0 c reflow, respectively. Sodium and chloride concentrations in
plasma of small inner stripe vessels of control animals were
slightly higher than of outer stripe vessels (Tables 2 and 3). The
ischemia-induced changes in plasma electrolyte concentrations
were similar, however, to those of outer stripe vessels. Reperfu-
sion for 24 hours caused plasma sodium concentration to rise and
plasma potassium and phosphorus concentrations and fractional
dry weight to fall. Sodium concentrations remained below control
values during the reperfusion period. Plasma chloride concentra-
tion which was decreased to 110 9 mmollkg wet wt immediately
after ischemia remained at this level during the reperfusion
period.
Organic osmolytes in cortex and outer medulla
Methylamine and polyols. Table 4 summarizes the effect of
ischemia and subsequent reflow on the contents of glycerophos-
phosylcholine, betaine, myo-inositol, and sorbitol in the cortex
Table 2. Element concentrations and dry weights of tubule cells in the outer stripe of the outer medulla in control rats, in animals subjected to 60
minutes of renal ischemia without or with subsequent reflow for 1 or 24 hours
Na K Cl P Ca
Dry weight
gilOOgmmol/kg wet weight
Proximal straight tubule cells
Control 13 1 127 16 21 3 141 16 0.1 0.1 21 2
Ischemia 75 5 52 38 65 50 80 68 0.4 01d 15 i8
Ischemia/reflow (1 hr)
Ischemia/reflow (24 hr)
15 1b
19 2"
123 6"
117 5b
17 2b
19 3b
142 3"
122 4b
0.2 0.2
0.4 0.1'
21 1"
20 1"
Thick ascending limb cells
Control 10 1 144 10 18 2 177 14 0.1 0.1 20 1
Ischemia 35 5 91 78 47 58 104 78 0.2 0.1 15 18
Ischemia/reflow (1 hr)
Ischemia/reflow (24 hr)
10 1"
7 1b
146 5b
122 s"
14 1b
1ab
147 781)
129 40
ND
0.1 0.2
18 1
18 1
Light cells (OMCD)
Control 9 1 134 8 25 2 147 12 0.1 0.2 19 1
Ischemia 20 58 122 10 39 68 104 iia 0.3 0.2 15 1
IschemiaJreflow (1 hr)
Ischemia/reflow (24 hr)
2"
8 1"
143 4
124 5' 20 2b14 18t 159 5b131 4 ND0.3 0.2 19 118 1
Dark cells (OMCD)
Control 7 1 144 6 47 3 167 13 0.2 0.1" 20 1
Ischemia 47 7 80 ioa 54 8 110 128 0.1 0.1 16 2
Ischemia/reflow (1 hr)
Ischemia/reflow (24 hr)
12 187 1" 164 7b132 4" 51 337 2 165 5b132 4" NDND 20 0.4"19 1b
Vessels-plasma
Control 190 19 20 4 173 20 8 1 2.8 0.1 11 2
Ischemia 78 88 47 3 76 90 24 28 2.2 0.4 10 1
Ischemia/reflow (1 hr)
Ischemia/reflow (24 hr)
153 98
133 681
20 3"
14 2"
117 1O8
98 58
10 1"
8 1"
2.9 0.2
2.8 0.2
10 1
7 0.28
Data are mean 5EM; ND, not detectable. For the ischemia/24 hr reflow group N = 6.
S Significantly different from corresponding value of control animals (N = 6)
I) Significantly different from corresponding value after 60 mm ischemia (N = 7)
C Significantly different from corresponding value of animals subjected to renal ischemia and
d Significantly different from zero
1 hr reflow (N = 6)
I 1] 11
150
100
50
0
Fig. 1. Sodium, potassium, chloride, phosphorus and calcium concentra-
twns of proximal straight tubule cells in the outer stripe of the outer medulla
obtained after 60 minutes ischemia followed by one hour (1st and 2nd bar in
each element group) or 24 hours (3rd and 4th bar in each element group) of
reperfision. Data of cells with irregular intracellular element patterns (,i) are compared with cells of the corresponding experimental group with
normal intracellular element concentrations (0). Data are means sai.
11
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Table 3. Element concentrations and dry weights of tubule cells in the inner stripe of the outer medulla in control rats, in animals subjected to 60
minutes of renal ischemia without or with subsequent reflow (1 or 24 hr)
Na K Cl P Ca
Dry weight
g/100 gmmol/kg wet weight
Thick ascending limb cells
Control 9 1 141 11 28 4 177 11 0.1 0.1 22 1
Ischemia 86 8 78 7 80 6 116 iia 0.2 0.2 16 ia
Ischemia/reflow (1 hr)
Ischemia/reflow (24 hr)
9 i'
10 1b
121 6b
124 4ab
13 1ab
1ab
133 5138 3 0.2 aid0.1 0.1 18 ia20
Light cells (MCD)
Control 9 2 136 9 31 3 151 10 0.1 0.1 20 1
Ischemia 27 4 118 6 48 4 114 7 0.1 0.1 16 ia
Ischemia/reflow (1 hr)
Ischemia/reflow (24 hr)
10 l'7 l' 117 3128 2C 15 2ab14 1' 139 4b139 4b 0,1 0.1ND 17 ia19 O.4°
Dark cells (MCD)
Control 8 1 160 14 60 7 172 12 ND 23 1
Ischemia 80 7 84 7 81 6 130 15 0.1 0.1 17 ia
Ischemia/reflow (1 hr)
Ischemia/reflow (24 hr)
ab
8 l" 131 5ab131 2' 41 536 l' 139 6149 4 0.3 0.20.2 01d 18 ia21 1'
Vessels-plasma
Control 202 10 18 2 194 12 8 1 2.5 0.2 13 2
Ischemia 109 12 54 6C 110 19 24 3 2.3 0.3 12 1
Ischemia/reflow (1 hr)
Ischemia/reflow (24 hr)
162 9ab
140 9' 17 i11 i' 120 8101 8 12 27 i' 2.8 0.12.8 0.2 11 18 04ab
Data are means SaM; ND, not detectable. Ischemia/24 hr reflow group, N 6.
aSignificantly different from corresponding value of control animals (N = 6)b Significantly different from corresponding value of ischemic kidney (N = 7)
C Significantly different from corresponding value of animals subjected to renal ischemia and 60 miii reflow (N = 6)d Significantly different from zero
Table 4. Organic osmolytes in cortex and outer medulla of controls and of animals subjected to 60 minutes of renal ischemia without or with
subsequent reflow for 1 or 24 hours
Glycerophosphorylcholine Betaine myo-Inositol Sorbitol Total osmolytes
mmol/kg protein
Cortex
Control 4.6 0.6 8.9 2.2 15.1 2.7 ND 28.7 4.2
Ischemia 2.9 0.6 11.5 2.1 17.7 3.7 ND 32.5 5.3
Ischemia/reflow (1 hr)
Ischemia/reflow (24 hr)
3.1 0.4
5.1 0,6bo
3.3 1.3k'
5,3 24b
38.2 8.3a
23.9 4.9
ND
ND
45.4 8.1
34.2 3.4
Outer medulla
Control 20.5 5.9 60.3 15.4 89.7 18.7 0.6 0.1 170.5 39.3
Ischemia 11.7 1.6 53.9 5.1 84.9 12.2 0.1 0.1 150.6 18.4
Ischemia/reflow (1 hr)
Ischemia/reflow (24 hr)
5.3 0.9a
5.0 0.6a
18.5 47ab
8.8 2.4w'
42.9 8.6al
35,3 52ab
0.3 0.2
ND
66.9 12.2
49.1 3,5ab
Data are means SEM; ND, not detectable. For the ischemia/24 hr reflow group, N = 6.
a Significantly different from corresponding value of control animals (N = 6)
' Significantly different from corresponding value of ischemic kidney (N = 7)
C Significantly different from corresponding value of animals subjected to renal ischemia and 60 minutes of reflow (N = 6)
and outer medulla. Only trace amounts of sorbitol were detected
in these kidney zones under control conditions and immediately
after ischemia. Ischemia did not cause significant alterations in the
contents of these osmolytes in either the cortex or the outer
medulla. After 60 minutes of reflow, glycerophosphorylcholine
content was unchanged in the cortex but diminished in the outer
medulla. Betaine content was significantly lower in cortex (vs.
ischemia) and outer medulla (vs. control and ischemia). Myo-
inositol content was increased in cortex and decreased in outer
medulla. After 24 hours of reflow glycerophosphoryicholine,
betaine and myo-inositol cortical contents were not different from
the corresponding control values. In the outer medulla, the
contents of all three osmolytes remained low and did not differ
from those values determined after 60 minutes of reflow (Fig. 2).
Free amino acids. The contents of six free amino acids measured
in cortex and outer medulla of the four groups of animals are
listed in Table 5. In cortical tissue aspartate, glutamate and
alanine contents were increased during ischemia, and those of
glycine and taurine remained unchanged, but glutamine contents
were diminished. Upon reflow aspartate, glutamate, glutamine,
taurine and alanine contents of the cortex returned to control
values; glycine contents, however, were reduced during the reper-
fusion period. In the outer medulla ischemia caused glutamine
contents to decrease and alanune contents to increase. Asparate,
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glutamate, glycine and taurine contents were not significantly
altered. During the initial reperfusion period the outer medullary
contents of all amino acids analyzed (except for alanine content
which had normalized) were significantly reduced compared with
control values. Following 24 hours of reflow glutamate and
glutamine contents were restored, while aspartate, glycine and
taurine contents of outer medullary tissue were still low.
Discussion
Intra- and extracellular element concentrations
Both generation and maintenance of electrolyte concentration
gradients across cell membranes depend on continuous supply
and utilization of energy. Consequently, interruption of blood
flow and concomitant deficiency of substrates and oxygen causes
redistribution of diffusible electrolytes between the intra- and
extracellular compartments. In the present experiments renal
jschemia for 60 minutes resulted in rises of intracellular sodium
and chloride concentrations and a fall of potassium concentration.
In the extracellular compartment, sodium and chloride concen-
trations were decreased while potassium concentration was in-
creased. In contrast to conventional biochemical analyses, which
provide mean values of all the cell types and the extracellular
fluids, electron microprobe analysis on freeze-dried clyosections
allows the determination of element concentrations in individually
selected tubule cells. It thus became evident that the various
tubule cell types of the outer and inner stripe of the outer medulla
show considerable heterogeneity in response to ischemia, with the
changes in intracellular electrolyte composition being greatest in
PST cells, intermediate in MAL and OMCD dark cells, and
smallest in OMCD light cells. In principle, this heterogeneity may
be explained by differences among the cell types in intracellular
energy stores or/and membrane transport properties. The activity
of glycolytic enzymes such as hexokinase or phosphofructokinase
is low in the proximal straight tubule and high in medullary thick
ascending limb and collecting duct [27, 28]. Since intracellular
glycogen stores show a similar distribution [29, 30], lactate pro-
duction in the absence of oxidative metabolism is much lower in
PST than in the MAL or OMCD segments [30, 31]. Hence, the
low glycolytic capacity of PST cells may be—at least partially—
responsible for the preferential vulnerability of these cells to
ischemia-induced disturbances of intracellular electrolyte ho-
meostasis.
The greater resistance of OMCD light cells compared with
OMCD dark cells to deficiency of substrates and oxygen is less
clear. Immunohistochemical studies suggest that the activity of
hexokinase is higher in MCD dark cells [32]. Information, how-
ever, on the cell-to-cell distribution of glycogen and phosphofruc-
tokinase, the rate limiting glycolytic enzyme, is not available. The
finding that the mitochondrial density in OMCD dark cells is
much higher than in the light cells supports the view that energy
consumption of the former cell type is also higher. The question
whether differences in membrane transport properties may be
responsible for the differing responses of OMCD dark and light
cells to ischemia cannot be answered because transport charac-
teristics of OMCD dark and light cells in the rat are not well
delineated.
The fall in cell dry weight and cell phosphorus concentration is
indicative of increased cell volume [251. Due to loss of phospho-
rus-containing compounds (such as ATP and its degradation
products and glycerophosphoryicholine) the exact degree of cell
swelling cannot be derived from the decrease in cell phosphorus
concentration. On re-establishing renal blood flow, cell electrolyte
concentrations and cell dry weights were restored within 60
minutes in all MAL and OMCD light and dark cells. In the
superficial cortex similar results have been reported in proximal
convoluted tubule cells and the various cell types of the distal
convolution and initial collecting duct [25]. In the present study,
however, a minority of PST cells did not recover. Their sodium
and chloride concentrations remained high and potassium and
phosphorus concentrations low after 60 minutes of reperfusion
(Fig. 1). This persisting functional defect of some PST cells in the
postischemic kidney cannot be attributed to non-availability of
oxygen and substrate, because MAL and OMCD cells adjacent to
the damaged PST cells showed full restoration of cell electrolyte
composition. The situation was substantially worse after the
24-hour reflow period. Of the six kidneys, four were completely
anuric and the other two severely oliguric and the number of PST
cells showing the above derangements of intracellular electrolytes
was considerably greater. MAL cells and OMCD light and dark
cells showing abnormal intracellular electrolyte composition were
only rarely encountered. These observations indicate that some
specific feature(s) of the PST cell is responsible for the predispo-
sition of this cell type to postischemic cell injury. Such a proposal,
however, does not exclude the possibility that "environmental"
factors, such as postischemic reduction in outer medullary blood
flow, aggravate the disturbance in the electrolyte and volume
homeostasis of PST cells.
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Fig. 2. Thsue concentrations of glycerophospho,ylcholine, betaine, myo-
inositol and the sum of six free amino acids in renal cortex and outer medulla
of controls, after 60 minutes of renal ischemia, after 60 minutes of ischemia
followed by 1 or 24 hours of repe,frsion. Data are shown as means SEM.
The number of animals is given in Table 1. Symbols are: (D) amino acids;
(ii) m-inositol; () betaine; (U) GPC. *Significantly different from
corresponding value of controls; #significantly different from correspond-
ing value obtained after ischemia.
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Table 5. Amino acids in cortex and outer medulla of controls and of animals subjected to 60 mm renal ischemia without or with subsequent reflow
for 1 or 24 hours
Kidney zone Control (6) Ischemia (7)
Ischemia/reflow
1 hr (6)
Ischemia/reflow
24 hr (6)
Aspartate Cortex
Outer medulla
2.3 0.6
7.6 1.5
4.2 0.6
6.2 0.9
1.6 0•1ab
1.2 0yil
2.8 0.2"
2.7 02ab
Glutamate Cortex
Outer medulla
11.1 2.4
17.9 3.5
20.0 2.7a
22.0 3.2
11.6 1.2l
10.0 15b
15.4 1.7
15.3 1.6
Glutamine Cortex
Outer medulla
3.5 0.7
5.4 0.9
0.7 0.la
3.0 0.6
2.6 04b
2.5 0.5
4•3 0•6bc
3.6 0.4
Glycine Cortex
Outer medulla
10.9 2.3
10.4 2.0
14.4 2.1
14.8 2.4
3.9 Ll'4•5 l.0 5.4 09ab4.1 04ab
Taurine Cortex
Outer medulla
20.2 3.1
26.5 4.1
21.1 3.8
32.0 5.3
16.9 1.6
6.8 1•3ab
13.3 1.1
6.1 0•4ab
Alanine Cortex
Outer medulla
1.6 0.4
3.0 0.7
3.6 0.4
4.4 0.4
1.6 0.1I
2.3 02b
2.4 0.4k'
2.7 0.4k'
Sum Cortex
Outer medulla
49.6 9.0
70.9 11.3
64.1 8.9
82.4 11.8
38.2 2.91
27.3 44ab
43.8 4.4
34.6 31ab
Values (mmollkg protein) are means SEM. Number of animals are in parentheses.
a Significantly different from corresponding value of controls
b Significantly different from corresponding value obtained in ischemic kidneys
Significantly different from corresponding value of animals with renal ischemia and 60 minutes of reflow
In contrast to the intracellular concentrations of sodium, po-
tassium and chloride, phosphorus concentrations usually did not
reach control values when renal blood flow was restored. This may
be due to the loss of phosphorus-containing cell constituents (that
is, glycerophosphorylcholine and nucleotides) and/or the persis-
tence of cell swelling. The ischemia-induced defect of the renal
concentrating mechanism was revealed by the postischemic isos-
thenuria and the kidney's inability to elevate interstitial (as
expressed in the plasma) tonicities in the outer medulla above
systemic plasma levels (Tables 2 and 3). This may be due to
defective NaC1 absorption along the thick ascending limb and/or
disturbance of the inherently low water permeability of this
nephron segment. In the present study reduced chloride concen-
trations were noted in various tubule cells during the reflow
period when plasma tonicity was diminished. This result agrees
well with previous observations suggesting that in the outer
medulla interstitial chloride concentration is a major determinant
of intracellular chloride concentration [33].
The present investigation demonstrates that elevations in the
nuclear concentrations of total calcium were most pronounced in
PST cells both immediately following 60 minutes of ischemia and
during the subsequent reperfusion period. This finding and the
observation that this cell type is particularly susceptible to isch-
emic damage argue in favor of the view that increased cell calcium
concentrations play a major role in initiating and maintaining
postischemic acute renal failure [34, 35]. Increased cell calcium
concentrations may activate phospholipases and proteases, in-
crease energy consumption, inhibit intramitochondrial ATP syn-
thesis and disturb the cytoskeleton, thus contributing to the
destruction of PST cells [34—36].
Methylamines and polyols. Neither in cortex nor outer medulla
were the tissue contents of glycerophosphorylcholine, betaine or
myo-inositol significantly changed immediately following 60 min-
utes of ischemia. It is, however, reasonable to assume that at least
a fraction of the intracellular organic osmolytes was released
during the ischemic period as several in vitro studies have shown
that cell swelling and elevated cell calcium activities induce efflux
of these osmoeffectors [11, 12, 37, 38]. Indeed, both increases in
cell volume and cell calcium activity characterize ischemiamedi-
ated cell damage [1, 35]. The fact that in the present study a
decrease of total tissue contents of organic osmolytes was not
detected may be ascribed to interruption of blood and urine flow
during ischemia, preventing removal of released osmolytes. This
assumption is consistent with the observation that after 60 min-
utes of reflow the contents of glycerophosphorylcholine, betaine
and myo-inositol are sharply reduced in the outer medulla and
remain depressed for at least another 23 hours. Osmolytes in the
extracellular space appear to be rapidly washed out of this
compartment when renal blood flow is re-established (Fig. 2). The
observation that plasma tonicity is still low 24 hours after re-
introducing blood flow (Tables 2 and 3), offers a suitable expla-
nation for the diminished outer medullary contents of organic
cismolytes and for the observation of comparable contents of
glycerophosphorylcholine, betaine and sorbitol in outer medulla
and cortex during the reperfusion period. It cannot be completely
excluded, however, that reduced uptake (betaine, inositol) and
synthesis (glycerophosphorylcholine) of osmolytes and/or in-
creased permeability also contribute.
The observed increase of myo-inositol content in the cortex
following one hour of reperfusion may be due to transfer of
organic osmolytes released from outer (and probably inner)
medullary cells reaching the renal cortex via the vascular and/or
tubular routes. In contrast, 60 minutes after re-introducing renal
blood flow, glycerophosphorylcholine and betaine contents of the
renal cortex were even below the values obtained at the end of the
ischemic period. Although methylamines are also likely to be
released from medullary cells and to reach the cortex, the capacity
of cortical tissue for degradation of glycerophosphorylcholine and
betaine may be responsible for the low tissue contents [39, 40].
When the kidney was reperfused for 24 hours, the cortical
contents of glycerophosphorylcholine, betaine and inositol were
normalized.
Free amino acids. With the exception of glutamine the tissue
contents of the remaining amino acids tended to increase both in
cortex and outer medulla during ischemia. This may be ascribed to
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the fact that during substrate and oxygen deficiency the degrada-
tion of peptides and proteins predominates over their synthesis.
The significant rise in glutamate contents in cortex and outer
medulla may be attributed not only to protein catabolism but also
to conversion of glutamine to glutamate [41]. The ischemia-
induced decrease in tissue glutarnine content supports this hy-
pothesis. When blood flow was re-established the cortical contents
of aspartate, glutamate, glutamine, taurine and alanine were
gradually normalized. Glycine content, however, decreased during
the initial reperfusion period and was still lower than the corre-
sponding control value after 24 hours. In a similar model of
postischemic acute renal failure Duran and colleagues observed
decreased glycine contents of renal cortical cells three hours after
ischemia but essentially normal values after 24 hours [42]. It is
thus conceivable that after a 60-minute ischemic period restora-
tion of intracellular glycine contents in the renal cortex requires a
minimum of 24 hours.
In the outer medulla, on the other hand, the contents not only
of glycine but also those of aspartate and taurine remained
depressed. If amino acids are accepted as intracellular osmoef-
fectors, this long-lasting reduction in outer medullary amino acid
contents can be explained by the failure of the postischemic
kidney to re-establish high interstitial tonicities within 24 hours
(after re-introducing renal blood flow). The reduction of glycine
contents both in cortex and outer medulla may be due to
diminished supply, reduced cell uptake or enhanced consumption
of this amino acid [43, 44]. The first alternative appears less likely
because reduced delivery of glycine should be associated with
diminished supply of the other amino acids as well. The postisch-
ernie depression of cortical and outer medullary glycine contents
is of interest because several recent studies have demonstrated
that elevation of extracellular glycine concentrations mediate a
considerable degree of protection against cell injury caused by
anoxia or ATP-depletion [16, 17, 45—49]. These beneficial effects
did not require the metabolism of glycine [14, 46]. The precise
cellular mechanisms underlying the protective action of glycine,
however, are incompletely understood [49]. Nonetheless, it is not
unreasonable to assume that ischemia-induced depletion of intra-
cellular glycine stores contributes to induction and maintenance
of postischemic acute renal failure.
In conclusion, the present experiments demonstrate that isch-
emia affects intracellular electrolyte homeostasis of PST cells
more severely than of MAL or OMCD light or dark cells. During
the reperfusion period increasing damage of PST cells was noted.
In the outer medulla generation of high interstitial salinities and
re-accumulation of methylamines, polyols and free amino acids
are significantly disturbed during reperfusion. In addition to low
interstitial tonicities, inappropriate uptake, synthesis or/and re-
lease of methylamines, polyols and free amino acids may contrib-
ute to the low postischemic tissue contents. The reduced glycine
contents noted both in cortex and outer medulla during reperfu-
sion possibly contribute to the initiation and maintenance of
postischemic acute renal failure, since this amino acid acts
protectively against anoxia-induced cell damage.
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